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1
MULTI-LAYERED FOAMED POLYMERIC
OBJECTS AND RELATED METHODS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of U.S. application Ser.
No. 12/016,118 filed on Jan. 17, 2008, now U.S. Pat. No.
7,807,260, which application claims the benefit of U.S. Pro-
visional Application No. 60/885,374 filed on Jan. 17, 2007,
and U.S. Provisional Application No. 60/886,506 filed on Jan.
24, 2007, which applications are all incorporated herein by
reference in their entireties for all purposes.

TECHNICAL FIELD

The present invention relates generally to foamed plastic
materials and, more specifically, to microcellular foamed
thermoplastic material objects and articles of manufacture
having a multi-layered structure, as well as to methods of
making the same.

BACKGROUND OF THE INVENTION

Microcellular plastic foam refers to a polymer that has
been specially foamed so as to create micro-pores or cells
(also sometime referred to as bubbles). The common defini-
tion includes foams having an average cell size on the order of
10 microns in diameter, and typically ranging from about 0.1
to about 100 microns in diameter. In comparison, conven-
tional plastic foams typically have an average cell diameter
ranging from about 100 to 500 microns. Because the cells of
microcellular plastic foams are so small, to the casual
observer these specialty foams generally retain the appear-
ance of a solid plastic.

Microcellular plastic foams can be used in many applica-
tions such as, for example, insulation, packaging, structures,
and filters (D. Klempner and K. C. Fritsch, eds., Handbook of
Polymeric Foams and Foam Technology, Hanser Publishers,
Munich (1991)). Microcellular plastic foams have many
unique characteristics. Specifically, they offer good mechani-
cal properties and a reduction on material costs and weights at
the same time. This is one of the advantages of microcellular
foams over conventional foams in which weight reduction is
generally achieved at the expense of reduced mechanical
properties. Moreover, in conventional foam production tech-
nology, ozone-damaging chlorofluorocarbons (CFCs) or
hydrochlorofluorocarbons (HCFCs), as well as flammable
hydrocarbons are typically used as foaming agents. Micro-
cellular foam processing technology, on the other hand, has
the additional advantage of using environmentally friendly
foaming agents such as, for example, carbon dioxide and
nitrogen.

The process of making microcellular plastic foams has
been developed based on a thermodynamic instability caus-
ing cell nucleation (J. E. Martini, SM Thesis, Department of
Mech. Eng., MIT, Cambridge, Mass. (1981)). First, a poly-
mer is saturated with a volatile foaming agent at a high pres-
sure. Then, by means of a rapid pressure drop, the solubility
of foaming agent in the polymer is decreased, and the poly-
mer becomes supersaturated. The system is heated to soften
the polymer matrix and a large number of cells are nucleated.
The foaming agent diffuses both outwards and into a large
number of small cells. Stated somewhat differently, micro-
cellular plastic foam may be produced by saturating a poly-
mer with a gas or supercritical fluid and using a thermody-
namic instability, typically a rapid pressure drop, to generate
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billions of cells per cubic centimeter (i.e., bubble density of
greater than 10° cells per cubic centimeter) within the poly-
mer matrix.

There are several patents and patent publications that dis-
close various aspects of microcellular plastic foam and pro-
cesses for making the same. Exemplary in this regard are the
following:

U.S. Pat. No. 4,473,665 to Martini-Vvedensky et al. (is-
sued Sep. 25, 1984) discloses microcellular plastic foams and
related methods. In this patent, a batch process is disclosed in
which a plastic sheet or other article is impregnated with an
inert gas under pressure; the pressure is reduced to ambient;
the plastic sheet or article is heated to a softening point to
initiate bubble nucleation and foaming; and when the desired
degree of foaming has been achieved, the plastic sheet or
article is quenched to terminate foaming. The resulting prod-
uct is a microcellular plastic foam having uniformly distrib-
uted cells all of about the same size.

U.S. Pat. No. 4,761,256 to Hardenbrook et al. (issued Mar.
1,1998) discloses a process in which a web of plastic material
is impregnated with an inert gas and the gas is diffused out of
the web in a controlled manner. The web is reheated at a
station external to the extruder to induce foaming, wherein
the temperature and duration of the foaming process is con-
trolled so as to produce uniformly distributed cells. The pro-
cess is designed to provide for the continuous production of
microcellular foamed plastic sheet.

U.S. Pat. No. 5,158,986 to Cha et al. (issued Oct. 27, 1992)
discloses the formation of microcellular plastic foams by
using a supercritical fluid as a blowing agent. In a batch
process, a plastic article is submerged at pressure in a super-
critical fluid for a period of time, and then quickly returned to
ambient conditions so as to create a solubility change and
nucleation. In a continuous process, a polymeric sheet is
extruded, which can be run through rollers in a container of
supercritical fluid at pressure, and then exposed quickly to
ambient conditions. In another continuous process, a super-
critical fluid-saturated molten polymeric stream is estab-
lished. The polymeric stream is rapidly heated, and the result-
ing thermodynamic instability (solubility change) creates
sites of nucleation (while the system is maintained under
pressure to prevent significant cell growth). The polymeric
stream is then injected into a mold cavity where pressure is
reduced and cells are allowed to grow.

U.S. Pat. No. 5,684,055 to Kumar et al. (issued Now. 4,
1997) discloses a method for the semi-continuous production
of microcellular foam articles. In a preferred embodiment, a
roll of polymer sheet is provided with a gas channeling means
interleaved between the layers of polymer. Therollis exposed
to a non-reacting gas at elevated pressure for a period of time
sufficient to achieve a desired concentration of gas within the
polymer. The saturated polymer sheet is then separated from
the gas channeling means and bubble nucleation and growth
is initiated by heating the polymer sheet. After foaming,
bubble nucleation and growth is quenched by cooling the
foamed polymer sheet.

Although much progress has made with respect to the
development of microcellular foamed thermoplastic material
objects and articles of manufacture, there is still a need in the
art for new and different types of foamed plastic materials.
The present invention fulfills these needs and provides for
further related advantages.

SUMMARY OF THE INVENTION

In brief, the present invention relates to foamed thermo-
plastic material objects and articles of manufacture having an
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internal layered cellular structure, as well as to methods of
making the same. In one embodiment, the invention is
directed to a multi-layer foamed polymeric article of manu-
facture, comprising: a non-laminated multi-layer thermoplas-
tic material sheet, wherein the multi-layer thermoplastic
material sheet has first and second discrete outer layers sand-
wiching a plurality of discrete inner foamed layers, and
wherein the two outer layers and plurality discrete inner
foamed layers are integral with one another. The thermoplas-
tic material may be a semi-crystalline polymer such as, for
example, PET (polyethylene terephthalate), PEEK (poly-
etheretherketone), PEN (polyethylene napthalate), PBT (po-
lybutylene terephthalate), PMMA (polymethyl methacry-
late), PLA (polyactide), polyhydroxy acid (PHA),
thermoplastic urethane (TPU), or blends thereof. In this
embodiment, the two outer layers may be unfoamed skin
layers having smooth outer surfaces, and the discrete inner
foamed layers may be microcellular.

In another embodiment, the invention is directed to a
method for making a multi-layer foamed polymeric object
(such as, for example, a cup or tray) from a solid monolithic
thermoplastic material sheet, the thermoplastic material sheet
having a first bulk crystallinity level, the method comprising:
absorbing an effective amount of a plasticizing gas into the
thermoplastic material sheet to yield a reversibly plasticized
thermoplastic material sheet, the plasticized thermoplastic
material sheet being impregnated with the plasticizing gas
and having a second bulk crystallinity level that is greater than
the first bulk crystallinity level; desorbing at least some of the
plasticizing gas from the plasticized thermoplastic material
sheet; heating the plasticized thermoplastic material sheet to
yield a foamed thermoplastic material sheet, the foamed ther-
moplastic material sheet having a third bulk crystallinity level
that is greater than or equal to the second bulk crystallinity
level; and forming or thermoforming the foamed thermoplas-
tic material sheet to yield the multi-layer foamed polymeric
object, the multi-layer foamed polymeric object having a
fourth bulk crystallinity level that is greater than or equal to
the third bulk crystallinity level.

In yet another embodiment, the invention is directed to a
method for making a shaped multi-layer foamed polymeric
article of manufacture (such as, for example, a cup or tray)
from a solid monolithic thermoplastic material sheet, wherein
the thermoplastic material sheet has a first bulk crystallinity
level. In this embodiment, the method comprises at least the
following steps: absorbing a plasticizing gas into the thermo-
plastic material sheet, the step of absorbing occurring at a first
selected pressure, temperature, and period of time sufficient
to yield a reversibly plasticized thermoplastic material sheet,
the plasticized thermoplastic material sheet being impreg-
nated with the plasticizing gas and having a second bulk
crystallinity level that is greater than the first bulk crystallin-
ity level; desorbing at least some of the plasticizing gas from
the plasticized thermoplastic material sheet; heating and
mechanically stretching the plasticized thermoplastic mate-
rial sheet to thereby initiate foaming, the step of heating and
mechanically stretching occurring by transferring a selected
amount of heat energy from a heat source sufficient to yield a
foamed thermoplastic material sheet, the foamed thermoplas-
tic material sheet having a third bulk crystallinity level that is
greater than the first and second bulk crystallinity levels; and
thermoforming the foamed thermoplastic material sheet in a
thermoformer to yield the shaped multi-layer foamed poly-
meric article of manufacture, the multi-layer foamed poly-
meric article of manufacture having a fourth bulk crystallinity
level that is greater than the first, second, and third bulk
crystallinity levels. The method may further comprise the step
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of heat-setting the shaped multi-layer foamed polymeric
article of manufacture, while in the thermoformer, to thereby
further increase the bulk crystallinity of the shaped multi-
layer foamed polymeric article of manufacture to a fifth bulk
crystallinity level, wherein the fitth bulk crystallinity level is
greater than the first, second, third, and fourth bulk crystal-
linity levels.

These and other aspects of the present invention will
become more evident upon reference to the following
detailed description and attached drawings. It is to be under-
stood, however, that various changes, alterations, and substi-
tutions may be made to the specific embodiments disclosed
herein without departing from their essential spirit and scope.
In addition, it is expressly provided that all of the various
references cited herein are incorporated herein by reference
in their entireties for all purposes.

BRIEF DESCRIPTION OF THE DRAWINGS

In the drawings like reference numerals are used to desig-
nate like features throughout the several views of the draw-
ings. In addition, it should be noted that because the partial
cross-sectional views were obtained by “scoring” a sample
coupon, and then breaking the sample coupon along the
indented score line, an artifact denoted by the symbol A is
present. Artifact A is not a separate layer; rather, it is the result
of having a non-planar portion of the cross-sectional view
corresponding to the depth of the score line.

FIG. 1 is a scanning electron micrograph showing a partial
cross-sectional view of a thermoformed circular coupon of
RPET (3.8 cm diameterx0.107 cm) exhibiting a multi-layer
foamed structure in accordance with an embodiment of the
present invention.

FIG. 2 is a scanning electron micrograph showing a partial
cross-sectional view of a square coupon of RPET (23 cmx23
cmx0.107 cm) (taken from the base portion of a thermo-
formed cup) having an average relative density of about 14%
and exhibiting a multi-layer foamed structure in accordance
with an embodiment of the present invention.

FIG. 3 is a block diagram of a method for making a multi-
layer foamed polymeric object from a solid monolithic ther-
moplastic material sheet in accordance with an embodiment
of the present invention.

FIG. 4 is a block diagram of a method for making a shaped
multi-layer foamed polymeric object from a solid monolithic
thermoplastic material sheet in accordance with an embodi-
ment of the present invention.

FIG. 5 is a photograph of a shaped thermoformed polymer
cup made from a square section of polymer that had been
marked, prior to processing, with gridlines, and wherein the
lines on the final thermoformed polymer cup show the areas
in which stretching occurred during the process.

FIG. 6 is a scanning electron micrograph showing a partial
cross-sectional view of a thermoformed circular coupon of
RPET (3.8 cm diameterx0.107 cm) exhibiting a multi-layer
foamed structure in accordance with an embodiment of the
present invention.

FIG. 7 is scanning electron micrograph showing a partial
cross-sectional view of a thermoformed rectangular coupon
of RPET (10 cmx15 cmx0.107 cm) exhibiting a multi-layer
foamed structure in accordance with an embodiment of the
present invention.

FIG. 8 is scanning electron micrograph showing a partial
cross-sectional view of a thermoformed rectangular coupon
of RPET (10 cmx15 cmx0.107 cm) exhibiting a multi-layer
foamed structure in accordance with an embodiment of the
present invention.
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FIG. 9 is scanning electron micrograph showing a partial
cross-sectional view of a square of RPET (23 cmx23
cmx0.107 cm) (taken from the middle wall section of a ther-
moformed cup) having an average relative density of about
14% exhibiting a multi-layer foamed structure in accordance
with an embodiment of the present invention.

FIG. 10 is scanning electron micrograph showing a partial
cross-sectional view of a square of RPET (23 cmx23
cmx0.107 cm) (taken from the upper portion of a thermo-
formed cup) exhibiting a multi-layer foamed structure in
accordance with an embodiment of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

The present invention is directed to multi-layer foamed
polymeric objects and articles of manufacture, as well as to
related methods for making the same. In the several embodi-
ments disclosed herein, the multi-layer foamed polymeric
objects and articles of manufacture are described in the con-
text of transforming a solid monolithic sheet of a PET (poly-
ethylene terephthalate) thermoplastic material; however, it is
to beunderstood that other semi-crystalline polymers such as,
for example, PEEK (polyetheretherketone), PEN (polyethyl-
ene napthalate), PBT (polybutylene terephthalate), PMMA
(polymethyl methacrylate), and PLA (polyactide), polyhy-
droxy acid (PHA), thermoplastic urethane (TPU), as well as
various polymeric blends thereof, are contemplated and
within the scope of the invention. In addition, and as appre-
ciated by those skilled in the art, PET is understood to be
inclusive ot both RPET (recycled polyethylene terephthalate)
and CPET (crystallizing polyethylene terephthalate).

Thus, and in view of foregoing and with reference to FIG.
1, the invention in one embodiment is directed to a multi-layer
foamed polymeric article of manufacture 10 made from a
solid monolithic sheet of a semi-crystalline polymer; namely,
PET. As shown, the multi-layer foamed polymeric article of
manufacture 10 comprises a multi-layer thermoplastic mate-
rial sheet S having first and second discrete outer layers 1, 1'
sandwiching a plurality of discrete inner foamed layers I. In
this embodiment, the first and second discrete outer layers 1,
1' are substantially identical with each other. The first and
second discrete outer layers 1, 1' and the plurality of discrete
inner foamed layers I are also integral with one another,
meaning that they are not laminated together. As further
shown, the outer layers 1, 1' are each unfoamed skin layers
having smooth outer surfaces, and each of the plurality of
discrete inner foamed layers I are microcellular.

The plurality of discrete inner foamed layers I in this
embodiment include two substantially identical second inner
foamed layers 2, 2' positioned immediately adjacent to the
first and second discrete outer layers 1, 1', respectively. The
second inner foamed layers 2, 2' each include a first plurality
of closed cells as shown, wherein the first plurality of closed
cells has an average cell diameter ranging from about 5 to
about 10 microns. The plurality of discrete inner foamed
layers I further include a third inner foamed layer 3 positioned
immediately adjacent to and interposed between the second
inner foamed layers 2, 2'. The third inner foamed layer 3
includes a second plurality of closed cells as shown, wherein
the second plurality of closed cells has an average cell diam-
eter ranging from about 30 to about 50 microns. Finally, the
outer layers 1, 1' and the plurality of discrete inner foamed
layers I are generally symmetrically disposed about a central
axis C. (Note: Because the partial cross-sectional view of
FIG. 1 was obtained by “scoring” a circular coupon along its
diameter and then breaking along the indented score line, an
artifact A is present. Artifact A is not a separate layer; rather,
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it is the result of having a non-planar portion of the cross-
sectional view corresponding to the depth of the score line.)

With reference to FIG. 2, the invention in another embodi-
ment is directed to a multi-layer foamed polymeric article of
manufacture 20 made from a solid monolithic sheet of a
semi-crystalline polymer; namely, PET. As shown, the multi-
layer foamed polymeric article of manufacture 20 comprises
a multi-layer thermoplastic material sheet S having first and
second discrete outer layers 1, 1' sandwiching a plurality of
discrete inner foamed layers 1. In this embodiment, the first
and second discrete outer layers 1, 1' are substantially iden-
tical with each other. The first and second discrete outer layers
1, 1' and the plurality of discrete inner foamed layers [ are also
integral with one another, meaning that they are not laminated
together. As further shown, the outer layers 1, 1' are each
unfoamed skin layers having smooth outer surfaces, and each
of the plurality of discrete inner foamed layers I are micro-
cellular.

The plurality of discrete inner foamed layers I in this
embodiment include two substantially identical second inner
foamed layers 2, 2' positioned immediately adjacent to the
first and second discrete outer layers 1, 1', respectively, as
well as two substantially identical third inner foamed layers 3,
3' positioned immediately adjacent to the second inner
foamed layers 2, 2', respectively. The second inner foamed
layers 2, 2' each include a first plurality of closed cells as
shown, wherein the first plurality of closed cells has an aver-
age cell diameter ranging from about 5 to about 10 microns.
Similarly, the third inner foamed layers 3, 3' each include a
second plurality of closed cells as shown, wherein the second
plurality of closed cells has an average cell diameter ranging
from about 30 to about 50 microns. The plurality of discrete
inner foamed layers I further include a fourth inner foamed
layer 4 positioned immediately adjacent to and interposed
between the third inner foamed layers 3, 3'. The fourth inner
foamed layer 4 includes a third plurality of closed cells as
shown, wherein the third plurality of closed cells has an
average cell diameter ranging from about 20 to about 40
microns. Finally, the outer layers 1, 1' and the plurality of
discrete inner foamed layers I are generally symmetrically
disposed about a central axis C. (Note: Because the partial
cross-sectional view of FIG. 2 was obtained by “scoring” a
square coupon along its mid-section and then breaking along
the indented score line, an artifact A is present. Artifact A is
not a separate layer; rather, it is the result of having a non-
planar portion of the cross-sectional view corresponding to
the depth of the score line.)

In another embodiment, the invention is also directed to a
method for making a multi-layer foamed polymeric object as
described above from a solid monolithic thermoplastic mate-
rial sheet. Because the thermoplastic material sheet is prefer-
ably a semi-crystalline polymer, it has a first bulk crystallinity
level that generally ranges from about 1 to about 9 percent.
The method of this embodiment entails increasing the bulk
crystallinity level of the thermoplastic material sheet in a
serial or step-wise manner, thereby allowing for the transfor-
mation of the solid sheet into the multi-layer foamed poly-
meric object. More specifically, and with reference to FIG. 3,
the method of this embodiment comprises an initial absorbing
step 30 whereby an effective amount of a plasticizing gas
(such as, for example, CO, or N,) is absorbed into the ther-
moplastic material sheet. The absorbing step 30 is generally
accomplished by placing the thermoplastic material sheet
into a pressure vessel, and then pressurizing the vessel to a
first selected pressure, temperature, and for period of time
sufficient to (1) yield a reversibly plasticized thermoplastic
material sheet, and (2) induce a crystallinity change across at
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least the outer portions of the thermoplastic material sheet.
The first selected pressure generally ranges from about 0.345
MPato about 9.65 MPa (or more preferably about 5.2 MPato
about 7.1 MPa), and the first selected temperature generally
ranges from about -20° F. to about 150° F. Depending on the
selected pressure and temperature, the selected period of time
generally ranges from about a few hours to well over a hun-
dred hours.

As a result of the absorbing step 30, the plasticized ther-
moplastic material sheet becomes impregnated with the plas-
ticizing gas in an amount that is generally greater than about
0.5 percent by weight, and attains a second bulk crystallinity
level that is greater than the first bulk crystallinity level. In
other words, the absorbing step 30 increases the bulk crystal-
linity of the thermoplastic material sheet because in this step
the minimum gas concentration needed to induce crystalliza-
tion of the thermoplastic material sheet is met or exceeded.
This increase in crystallinity is generally not uniform across
the thickness of the sheet because the threshold gas concen-
tration (i.e., minimum gas concentration needed to induce a
crystallinity change) across the sheet is preferably not
achieved (meaning an equilibrium condition is not reached);
rather, the crystallinity tends to be greatest at or near the
surfaces (where the gas concentration reaches and/or exceeds
the threshold gas concentration) and lowest in the middle
(where the gas concentration is below the threshold gas con-
centration).

After the absorbing step 30 and as further shown, the
method further comprises a desorbing step 32, whereby a
portion of the plasticizing gas impregnated within the ther-
moplastic sheet is allowed to diffuse out of the plasticized
thermoplastic material sheet and into the atmosphere.
Accordingly, the desorbing step 32 generally occurs by
exposing the plasticized thermoplastic material sheet to a
reduced pressure such as, for example, atmospheric pressure
or lower. In order to further process the plasticized thermo-
plastic material sheet, it has been found that the plasticizing
gas concentration within the thermoplastic material sheet
should preferably be maintained at a level of greater than
about 0.01 percent by weight. In addition, the desorbing step
32 generally occurs at a second selected temperature ranging
from about -40° F. to about 150° F.

After the desorbing step 32 and as further shown, the
method further comprises a heating step 34, whereby the
plasticized thermoplastic material sheet is heated in order to
initiate foaming (i.e., bubble formation). In this step, the
plasticizing gas impregnated within the thermoplastic sheet
coalesces into a plurality of closed cells (i.e., bubbles). The
heat source may be either a heated silicon oil bath or an
infrared heater, for example. The heating step 34 yields a
foamed thermoplastic material sheet having a third bulk crys-
tallinity level that is greater than or equal to the second bulk
crystallinity level (attained as a result of the absorbing step
30). The heating step 34 also yields a foamed thermoplastic
material sheet characterized by a novel multi-layer structure
(see, e.g., FIG. 1) in which first and second discrete outer
layers sandwich a plurality of discrete inner foamed layers.
The foamed thermoplastic material sheet may be fully
foamed, or it may only be partially foamed, after the heating
step 34.

Finally, and after or concurrent with the heating step 34, the
method further comprises a forming or thermoforming step
36 in which the foamed thermoplastic sheet is either cold
formed or thermoformed in a thermoformer to yield the
multi-layer foamed polymeric object. The forming/thermo-
forming step 36 involves the mechanical deformation of the
partially or fully foamed thermoplastic material sheet into a
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desired shape such as, for example, the shape ofa cup or tray.
As aresult of the forming/thermoforming step 36, the foamed
thermoplastic material sheet attains a fourth bulk crystallinity
level that is greater than or equal to the third bulk crystallinity
level (attained as a result of the heating step 34).

In yet another embodiment and with reference to FIG. 4,
the present invention is directed to a method for making a
shaped multi-layer foamed polymeric article of manufacture
(such as, for example, a cup or tray) from a solid monolithic
thermoplastic material sheet, wherein the thermoplastic
material sheet has a first bulk crystallinity level. In this
embodiment, the method comprises at least the following
steps: (1) absorbing 40 a plasticizing gas into the thermoplas-
tic material sheet, the step of absorbing 40 occurring at a first
selected pressure, temperature, and period of time sufficient
to yield a reversibly plasticized thermoplastic material sheet,
the plasticized thermoplastic material sheet being impreg-
nated with the plasticizing gas and having a second bulk
crystallinity level that is greater than the first bulk crystallin-
ity level; (2) desorbing 42 at least some of the plasticizing gas
from the plasticized thermoplastic material sheet; (3) heating
and mechanically stretching 44 the plasticized thermoplastic
material sheet to thereby initiate foaming, the step of heating
and mechanically stretching 44 occurring by transferring a
selected amount of heat energy from a heat source sufficient
to yield a foamed thermoplastic material sheet, the foamed
thermoplastic material sheet having a third bulk crystallinity
level that is greater than the first and second bulk crystallinity
levels; and (4) thermoforming 46 the foamed thermoplastic
material sheet in a thermoformer to yield the shaped multi-
layer foamed polymeric article of manufacture (see, e.g., FIG.
2), the multi-layer foamed polymeric article of manufacture
having a fourth bulk crystallinity level that is greater than or
equal to the first, second, and third bulk crystallinity levels.
The method may further comprise the step of heat-setting 48
the shaped multi-layer foamed polymeric article of manufac-
ture, while in the thermoformer, to thereby further increase
the bulk crystallinity of the shaped multi-layer foamed poly-
meric article of manufacture to a fifth bulk crystallinity level,
wherein the fifth bulk crystallinity level is greater than the
first, second, third, and fourth bulk crystallinity levels. In an
alternative embodiment, the step of thermoforming may be
replaced with a step of forming (such as, for example, roll-
forming or mechanically bending without added heat as
appreciated by those skilled in the art).

In another aspect, the present invention is also directed to a
multi-layered foamed plastic structure having graded (i.e., a
gradient of) physical properties (such as, for example,
strength and stiffness) across its cross-section. In this regard,
it has been discovered that a multi-layered foamed plastic
structure may be created that optimizes the structure’s stiff-
ness, buckling resistance, and strength for a given amount of
plastic. The multiple layers of such a multi-layered structure
may include: (1) skins of solid material at each surface; (2)
high density closed cell layers immediately adjacent to each
skin layer; and (3) lower or constant density foam layers
(either closed or open cells, and either with varying or con-
stant average cell size) progressing towards the center of the
multi-layer structure. The density at the inner core generally
needs to be no greater than what is needed to handle the
maximum shear stress induced at the neutral axis (of the cross
section under a flexural load). By creating cellular layers
having the greatest density foam adjacent to the surface skin
layers, the moment of inertia of the cross section may be
increased over the foam (with a uniform foam core of the
same average density). This increased moment results in
greater bending strength, greater flexural stiffness, and
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increased resistance to buckling for a given average density.
In addition, the effective material stiffness (flexural modulus)
increases with increasing density.

The Flexural Stiffness, defined as the product of the flex-
ural modulus (E) and moment of inertia (I), allows compari-
son of different materials and geometries with respect to their
resistance to bending. By superposition, the flexural stiffness
of layered foams is

n

> En- ).

1

Since I, increases the farther the layer is located from the
cross-section’s centroid, the greatest value for

i By )
1

occurs when E,, is largest for the same layer for which I, is
largest (e.g., the outermost layer). The second largest E,,, will
be paired with the next inner layer, and so on. This foam layer
pattern generally allows for the greatest material efficiency
under flexural loads.

A similar relationship between buckling loads may also be
expressed (buckling failure also depends both on E and on the
structure’s geometry). The buckling load, defined as
P_=II°EI/L?, increases with E and I. This minimum buckling
load may be determined by the structure’s ability to resist
bending caused by any slight misalignment of the structure’s
central axis with an applied load. By superposition, the same
argument may be made in that P_, varies as

i (En- ).
1

Thus, for maximum material efficiency with buckling loads,
the foam density of each layer should follow the same pattern
as described previously for flexural loads.

Another point with regards to increasing stiffness over
conventional foams is that closed cells generally do not lose
their flexural modulus as quickly as open cell foams as the
foam density is reduced. It is believed that this is due to the
trapped gas inside the cells. Thus, the stiffhess generally does
notreduce as quickly with density reduction as common open
cell foams. Also, in foams with thin skins that are subjected to
flexural or buckling loads, for maximum effectiveness, the
foam underneath the skin should preferably be of sufficient
strength to keep the skin aligned, and not allow the skin to
separate from the core or to buckle inwardly so as to compress
the foam core. The minimum layer density to meet such
strength requirements may also vary with the skin thickness.

Another advantage may be found for ordinary sandwiched
foams in which the outermost layer(s) may be of any material
(e.g., sheet metal or solid higher modulus polymer), and
which are either bonded, fused, or mechanically fastened to
an ordinary polymeric foam sheet of a single density. In this
case, the bond strength between the foam and the outermost
layer may often be the limiting factor. Material use efficiency
dictates the use of lower density foam, yet higher density or
even foams with solid skins are required for higher bond
strengths. Thus, the advantage of using multiple layered
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foams with a cellular core between two skins is that the
density and strength can be high at the mating line, while
being progressively reduced towards the center line.

By using the monolithic foams having a solid integral skin
as the core of a sandwich construction, the following advan-
tages may result: (1) greatly increased flat surface area avail-
able for use of a thin adhesive coating (many adhesives are
stronger when applied in thin layers); (2) if the outer layer of
the foam core is not solid, but is instead a closed small cell
(less than 100 microns), substantial savings may still result
compared to conventional sized cells due to reduced adhesive
use (the alternative, using more adhesive to fill open cells on
the surface or larger surface irregularities due to larger cells,
requires more adhesive which adds weight and cost); (3)
greatly increased surface area for fusion bonding of a poly-
meric solid skin to the foam when the outer layer of the foam
core is an unfoamed solid polymer (bonds may be solvent
based or fused by friction induced heat or other means—in
fact, many fusion bonds are impractical with low density
foams); and (4) for mechanically bonded solid skins such as
stitched bonds, having a high density or even an integral skin
to fasten to while having lower density monolithic inner lay-
ers tends to create higher bond strength with lower total
material weight (the shear strength of each fastening element
is generally many times higher in a solid than for a medium-
density foam). In the case of thermoformed foamed objects,
the art of twin sheet or triple sheet thermoforming is under-
stood. Typically, the top and bottom skins are partially fused
to the foam core due to the heat and pressure of thermoform-
ing.

The advantages of graded foam structures may be realized
for solid-state foamed polymeric objects made from raw
materials in the form of rolls, sheets, thermoformed solid
articles (e.g. speaker cones), as well as compression molded
solid shapes. The foaming process on solid-state saturated
polymeric objects may be conducted in a variety of ways,
including foaming in heated liquid bath, foaming in hot air
oven, foaming in infrared oven, foaming in a compression
molding setup or foaming in thermoforming molds. To gain
the advantages noted above, the thickness of the polymeric
object being processed is preferably substantially smaller
than the other dimensions. In the case of a rod shape object,
the diameter is preferably substantially smaller than the
length of the polymeric object being processed.

For purposes of illustration and not limitation, the follow-
ing examples more specifically discloses exemplary manu-
facturing steps and actual experimental results associated
with the manufacture of multi-layered foamed polymeric
objects and articles of manufacture in accordance with the
present invention.

Example 1

A 38 cm diameter circular section of polymer was
punched from 0.107 cm thick sheet of recycled PET (RPET)
acquired from LaVergne (The LaVergne Group, Canada). The
polymer was then wrapped in a paper towel and placed in a
pressure vessel (~21° C.) at 5.0 MPa for 72 hours for the
purpose of carbon dioxide absorption. After absorption, the
polymer was transferred to a freezer (~0° C.) for 24 hours to
allow carbon dioxide desorption. The polymer was then
removed and placed at room temperature (~20° C.) for one
hour for further desorption. The polymer was then heated
(~100° C.)in a silicon bath for 30 seconds to initiate foaming.
FIG. 1 is a scanning electron micrograph showing a partial
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cross-sectional view from the center of the thermoformed
circular polymer section manufactured using the above pro-
cedure.

Example 2

A 3.8 cm diameter circular section of polymer was
punched from 0.107 cm thick sheet of recycled PET (RPET)
acquired from LaVergne (The LaVergne Group, Canada). The
polymer was then wrapped in a paper towel and placed in a
pressure vessel (~21° C.) at 5.0 MPa for 36 hours for the
purpose of carbon dioxide absorption. After absorption, the
polymer was transferred to a freezer (~0° C.) for 24 hours to
allow carbon dioxide desorption. The polymer was then
removed and placed at room temperature (~20° C.) for one
hour for further desorption. The polymer was then heated
(~100° C.) in a silicon bath for 30 seconds to initiate foaming.
FIG. 7 is a scanning electron micrograph showing a partial
cross-sectional view from the center of the thermoformed
circular polymer section manufactured using the above pro-
cedure.

Example 3

A 10 cmx15 cm rectangular section of polymer was cut
from 0.107 cm thick sheet of recycled PET (RPET) acquired
from LaVergne (The LaVergne Group, Canada). The polymer
was then wrapped in a paper towel and placed in a pressure
vessel (~21° C.) at 5.0 MPa for 49 hours for the purpose of
carbon dioxide absorption. After absorption, the polymer was
transferred to a freezer (~0° C.) for 24 hours to allow carbon
dioxide desorption. The polymer was then removed and
placed at room temperature (~20° C.) for one hour for further
desorption. The polymer was then loaded into a thermo-
former clamping frame, wherein the polymer was heated
(~110° C.) using infrared heat for 8 seconds and simulta-
neously stretched to initiate foaming. FIG. 8 is a scanning
electron micrograph showing a partial cross-sectional view
from the center portion of a thermoformed rectangular poly-
mer section manufactured using the above procedure.

Example 4

A 10 cmx15 cm rectangular section of polymer was cut
from 0.107 cm thick sheet of recycled PET (RPET) acquired
from LaVergne (The LaVergne Group, Canada). The polymer
was then wrapped in a paper towel and placed in a pressure
vessel (~21° C.) at 5.0 MPa for 49 hours for the purpose of
carbon dioxide absorption. After absorption, the polymer was
transferred to a freezer (~0° C.) for 24 hours to allow carbon
dioxide desorption. The polymer was then removed and
placed at room temperature (~20° C.) for one hour for further
desorption. The polymer was then loaded into a thermo-
former clamping frame, wherein the polymer was heated
(~110° C.) using infrared heat for 16 seconds and simulta-
neously stretched to initiate foaming. FIG. 9 is a scanning
electron micrograph showing a partial cross-sectional view
from the center portion of a thermoformed rectangular poly-
mer section manufactured using the above procedure.

Example 5

A 23 cmx23 cm square section of polymer was cut from
0.107 cm thick sheet of recycled PET (RPET) acquired from
LaVergne (The LaVergne Group, Canada) (P3000 RPET
0.042" roll stock). The polymer was then wrapped in a paper
towel and placed in a pressure vessel (~21° C.) at 5.0 MPa for
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49 hours for the purpose of carbon dioxide absorption. After
absorption, the polymer was transferred to a freezer (~0° C.)
for 24 hours to allow carbon dioxide desorption. The polymer
was then removed and placed at room temperature (~20° C.)
for one hour for further desorption. The polymer was then
loaded into a thermoformer clamping frame, wherein the
polymer was heated (~110° C.) using infrared heat for 12
seconds and simultaneously stretched to initiate foaming. The
polymer was then thermoformed into a cup shape using a
convex aluminum plug (~32° C.) to assist the drawing of the
polymer into the female mold (~155° C.). Air pressure was
used to force the polymer into its final cup shape. FIG. 2 is a
scanning electron micrograph showing a partial cross-sec-
tional view from the base portion of a thermoformed cup
manufactured using the above procedure. FIG. 10 is a scan-
ning electron micrograph showing a partial cross-sectional
view from the middle portion of a thermoformed cup manu-
factured using the above procedure. FIG. 11 is a scanning
electron micrograph showing a partial cross-sectional view
from the upper portion of a thermoformed cup manufactured
using the above procedure.

Example 6

To validate the concepts associated with the graded (i.e., a
gradient of) physical properties aspect of the invention, the
inventors analyzed sample foams having microstructures
similar to those shown in FIGS. 1 and 2. The flexural modulus
of each sample was measured using Dynamic Mechanical
Analysis (DMA) per ASTM standard D790. The skin thick-
nesses were measured by conducting scanning electron
microscopy and taking the average of 8 to 12 measurements at
various locations. The measured flexural modulus was a com-
bined or “apparent” modulus of the cellular core combined
with the solid skin. Since the DMA results gave the combined
modulus, a Combined Foam Relative Stiffness was calculated
by using the combined modulus multiplied by the combined
moment of inertia of the entire section (as if the skin and core
were homogenous). The Calculated Relative stiffness
assumed that the foamed core was homogeneous (even
though it was not), and the modulus was calculated per Ashby
and Gibson’s formula for closed cell foams with $=0.6. The
stiffness of the skin layers were calculated as the measured
modulus of the base polymer multiplied by the geometric
moment of inertia of the skin layer. The hypothetical core’s
stiffness was added to the skin’s calculated stiffness to obtain
a combined stiffness. The actual measured foam relative stiff-
ness was larger than calculated with the above assumptions in
every case. The following table summarizes the test results.

Actual  Calculated

Measured  Relative
Starting Foam Stiffness
Solid Foam Foam Sheet Per
Thickness Relative Skin Avg. Rel Relative  Ashby &
inches Thickness Thickness Density Stiffness Gibson
0.042- A 186% 0.0004 19% 108.9% 72.5%
0.042-B 179% 0.0006 22% 105.0% 84.4%
0.042-C 188% 0.0006 19% 115.9% 87.9%
0.042-C 174% 0.0004 23% 95.5% 74.2%
0.025 208% 0.0003 16% 106.7%  88.39%

While the present invention has been described in the con-
text of the embodiments illustrated and described herein, the
invention may be embodied in other specific ways or in other
specific forms without departing from its spirit or essential



US 8,377,548 B2

13

characteristics. Therefore, the described embodiments are to
be considered in all respects as illustrative and not restrictive.
The scope of the invention is, therefore, indicated by the
appended claims rather than by the foregoing description, and
all changes that come within the meaning and range of
equivalency of the claims are to be embraced within their
scope.

What is claimed is:
1. A multi-layer foamed polymeric article of manufacture,
comprising:
a non-laminated multi-layer thermoplastic material sheet
having a crystallinity gradient, and first and second dis-
crete outer skin layers sandwiching a plurality of dis-
crete inner foamed layers, wherein the two outer skin
layers and plurality of discrete inner foamed layers are
integral with one another, wherein the outer skin layers
have a crystallinity, and wherein the plurality of discrete
inner foamed layers includes at least:
(1) two substantially identical second inner foamed layers
whose crystallinity is less than the crystallinity of the
outer skin layers, and
(ii) a centrally positioned third inner foamed layer whose
crystallinity is less than the crystallinity of the second
inner foamed layers, the third inner foamed layer being
positioned immediately adjacent to and interposed
between the second inner foamed layers, wherein:
the three inner foamed layers are formed by foaming a
single piece of the thermoplastic material and

the thickness of each of the two second inner foamed
layers is greater than the thickness of the centrally
positioned third inner foamed layer.

2. The multi-layer foamed polymeric article of manufac-
ture according to claim 1 wherein the thermoplastic material
is a semi-crystalline polymer.

3. The multi-layer foamed polymeric article of manufac-
ture according to claim 2 wherein the semi-crystalline poly-
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mer is selected from the group consisting of PET (polyethyl-
ene terephthalate), PEEK (polyetheretherketone), PEN
(polyethylene napthalate), PBT (polybutylene terphthalate),
PMMA (polymethylmethacrylate), PLC (polyactide), poly-
hydroxy acid (PHA), thermoplastic urethane (TPU), and
blends thereof.

4. The multi-layer foamed polymeric article of manufac-
ture according to claim 2 wherein the semi-crystalline poly-
mer is PET (polyethylene terphthalate).

5. The multi-layer foamed polymeric article of manufac-
ture according to claim 1 wherein the two outer layers are
unfoamed skin layers having smooth outer surfaces.

6. The multi-layer foamed polymeric article of manufac-
ture according to claim 1 wherein each of the plurality of
discrete inner foamed layers are microcellular.

7. The multi-layer foamed polymeric article of manufac-
ture according to claim 1 wherein the second inner foamed
layers each include a first plurality of closed cells wherein the
first plurality of closed cells has an average cell diameter
ranging from about 5 to about 10 microns.

8. The multi-layer foamed polymeric article of manufac-
ture according to claim 7 wherein the centrally positioned
third inner foamed layer includes second plurality of closed
cells, wherein the second plurality of closed cells has an
average cell diameter ranging from about 30 to about 50
microns.

9. The multi-layer foamed polymeric article of manufac-
ture according to claim 1 wherein the thermoplastic material
sheet is non-planar.

10. The multi-layer foamed polymeric article of manufac-
ture according to claim 1 wherein the density of the multi-
layer thermoplastic material sheet is graded across the sheet
such that the outermost layers of the plurality of discreet inner
foamed layers have the greatest density of the plurality of
discrete inner foamed layers.
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